Chamaecyparis nootkatensis is an ecologically and economically important conifer of the north Pacific coastal forests. To aid in studies of clonal structure and genetic differentiation of this and related species, we isolated and characterized microsatellites from C. nootkatensis. A microsatellite-enriched library yielded 75 repeat-containing sequences for which primer pairs were designed. Only five showed reliable amplification and polymorphism, with an average of 13.7 alleles/locus and a mean expected heterozygosity of 0.592. In progeny tests with four families, few null alleles were directly detected and loci segregated according to Mendelian expectations. However, in one primer pair, high heterozygote deficiency was observed, suggesting the presence of a null allele. The ability of primer pairs to cross amplify was tested on 18 species of the Cupressaceae sensu lato; three primer pairs yielded polymorphic loci in Cupressus and Juniperus species, but not in other Chamaecyparis species. This also supports recent findings of a closer affinity of C. nootkatensis with Cupressus over other Chamaecyparis species.
Introduction
Yellow cedar, Chamaecyparis nootkatensis (D. Don) Spach (Cupressaceae), also known as Alaska cedar or yellow cypress, is an ecologically and economically important tree species of the northwest coastal slopes of North America. Its range extends from the Prince William Sound in Alaska to the Siskiyou Mountains of northern California, with a few isolated stands in the interior of British Columbia and central Oregon (Harris 1990) . It is a resilient species that typically requires moist, humid growing conditions. It is also found in a variety of different habitats, exhibiting tolerance to shade and frost, and its wood posseses a high degree of resistance to decay (Harris 1990; Dunsworth 1998) . These characteristics probably come at the expense of slow growth, poor competitiveness, and limited success in reproduction (Dunsworth 1998) .
The reproductive success of this species has been limited by extremely poor germination rates and high incidence of cone abortion (Dunsworth 1998) . Asexual reproduction is accomplished by this species through layering: low-lying branches in contact with the ground form adventitious roots. This has been qualitatively documented to occur mostly in wet to moist soils (Antos and Zobel 1986) , but also in rocky soils at high elevation (Hennon et al. 1998) . However, the extent of clonal recruitment in C. nootkatensis is not known, and highly informative microsatellite markers would be valuable tools to study such phenomena.
Common garden studies of morphological and physiological traits have demonstrated that this species has considerable genetic diversity (Cherry and Lester 1992; Russell 1998) . Using isozyme markers, Ritland et al. (2001) con-
Plant material
To assess levels of polymorphism, three natural populations of C. nootkatensis were sampled from different locations in British Columbia. Fresh foliage was collected from 50 trees of an old-growth population found near the summit of Mount Seymour, 49 trees of a population found on a broad ridge extending southward from the Black Tusk, Garibaldi Provincial Park, and 52 trees emerging from a bog found at the foothills of Mount Washington, Vancouver Island. To assess Mendelian segregation, four full-sib families each with 10 offspring were obtained from the breeding and testing program of the B.C. Ministry of Forests (courtesy of John Russell, Coastal Tree Breeding, Ministry of Forests, Mesachie Lake, B.C.). Finally, to assess cross-species amplification, individuals from 18 species of the family Cupressaceae were collected: fresh needles were sampled for C. thyoides (Lebanon State Forest, Ocean County, N.J.) and for C. lawsoniana (Institute of Forest Genetics, Placerville, Calif.), seeds were obtained for C. obtusa (Tree Seed Laboratory, Taiwan Forestry Research Institute) and grown to the seedling stage, and foliage from 14 other species were obtained from the collection of John Russell at the Cowichan Lake Research Station, Vancouver Island, B.C. Care was taken to ensure that two or three individuals from genetically distinct clones were collected for each species.
PCR amplifications
Total genomic DNA from C. nootkatensis and the other species was isolated following the cetyltrimethylammonium bromide (CTAB) method described by Doyle and Doyle (1990) . Polymerase chain reaction (PCR) amplifications were then performed using 10-µL total reaction volumes. Reactions consisted of 1× Taq buffer (10 mM Tris, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.3; Roche, Mannheim, Germany), 1.0 pmol dNTP, 0.5 pmol each of forward and reverse primers, 0.5 pmol M13 IRD-labeled primer, 1.0 U Taq DNA polymerase (Roche), and 10-20 ng of genomic DNA template. Samples were amplified using a PTC-100 thermal cycler (MJ Research Inc., Waltham, Mass.). The PCR profile involved an initial 5-min denaturation at 95°C, followed by 34 cycles consisting of a 45-s denaturing step at 95°C, a 45-s annealing step at various temperatures (see Table 1 ), and a 45-s extension step at 72°C. These cycles were followed by a final 5-min extension step at 72°C. Following amplification, 3 µL of loading and (or) stop dye (LiCor Inc.) was added to each reaction. Microsatellite loci were finally analyzed on a LI-COR 4200 sequencer using 7% w/v polyacrylamide gels (Long Ranger TM , BioWhittaker Molecular Applications, Rockland, Maine).
Analyses
Identical genotypes were of a clonal nature with high probability, and such clonal replicates were excluded from the polymorphism analysis. Estimates of observed heterozygosity (H o ), expected heterozygosity (H e ), and the inbreeding coefficient were obtained following the directions laid out by Hedrick (2000) . Their associated standard errors were obtained by performing 100 bootstrap estimates using a FORTRAN 95 program written by K. Ritland. In the full-sib families, χ 2 tests for deviations from expected segregation ratios were performed and the results at each locus were summed over the four families.
Results

Microsatellite loci recovery and levels of polymorphism
Of the 75 microsatellite primer pairs designed, 41 produced PCR products, but only 21 of these exhibited patterns suggesting polymorphic microsatellite loci. Of these, eight primer pairs produced amplifications with multiple stutter bands; four amplified erratically (showing a high number of alleles and very few heterozygotes), suggesting the presence of null alleles at high frequency; three showed multiple bands or dark monomorphic bands that overlapped with alleles to be scored; and one was affected by a locus duplication where alleles from both loci would also overlap. Of the initial 75 microsatellite primer pairs designed, five amplified reliably and showed interpretable polymorphism (Table 1) . Once all of the trees from the three populations were genotyped, 16 groups of individuals were identified as clonally derived on the basis of identical microsatellite fingerprints. Removing identical genotypes resulted in the reduction of individuals included in the polymorphism analysis from 50 to 45 in the Mount Seymour population, from 49 to 37 in the Black Tusk population, and from 52 to 45 in the Mount Washington population. The number of alleles observed ranged from 3 to 20 with a mean of 13.67 (Table 2) . Allele size ranges corresponded to that predicted by the original sequence from which primers were designed (Table 1 ; Fig. 1 ). Observed heterozygosities were generally lower than expected heterozygosities except in the case of two different populations in loci Y1F10 and Y2C12 (Table 2). Deviation from Hardy-Weinberg equilibrium was detected in loci Y1E10, Y1F10, and Y1G09, i.e., three of the five developed microsatellite loci. Deviations in these three loci were the result of heterozygote deficiency. Locus Y1G09 was affected by the largest deviations from Hardy-Weinberg equilibrium in all three populations surveyed, a possible symptom of the presence of a null allele.
Estimates of the inbreeding coefficient were usually positive (Table 2 ). Averaged over all loci, the inbreeding coefficient was 0.202 (SE = 0.048) in the Mount Seymour population, 0.158 (SE = 0.043) in the Black Tusk population, and 0.125 (SE = 0.043) in the Mount Washington population. Y1G09 was the only locus to have a cumulative inbreeding coefficient over all populations (F = 0.393; SE = 0.064) to be significantly different from zero (α = 0.05). The overall inbreeding coefficient (F = 0.161; SE = 0.025) was also found to be significantly different from zero (α = 0.05). This significance was due in part to the high estimate of inbreeding at locus Y1G09. However, when this locus was excluded from the analysis, the overall inbreeding coefficient (F = 0.074; SE = 0.028) was still found to significantly differ from zero (α = 0.05).
Segregation analysis
The segregation analysis revealed that all loci surveyed behaved as typical co-dominant markers and segregated in a Mendelian fashion. Null alleles were observed directly in three of the five loci (Y1F10, Y1G09 and Y2C12) ( Table 3) . Null alleles in one of the two parents in families 11 and 26 (locus Y1F10) explain the observed segregation patterns in these families. Only family 11 in locus Y2C12 was found to be significantly different via the χ 2 test. However, when χ 2 values were summed over all families within a locus, observed segregation ratios did not deviate significantly from expected Mendelian segregation ratios at any locus (Table 3) . At locus Y2H01, families 4, 11, and 26 showed no segregation, as the parent trees had identical homozygous genotypes. However, this locus displayed single-locus segregation in family 34, as well as when it was analyzed for polymorphism.
Interspecific amplifications
Results of the interspecific amplifications are summarized in Table 4 . Cross-species amplifications using microsatellite primers developed for C. nootkatensis were most successful in the Cupressus and Juniperus genera (Fig. 2) . The microsatellite primers did not readily amplify other members of the Chamaecyparis genus except in the case of locus Y1E10. Both loci Y1F10 and Y2H01 are specific to C. nootkatensis; they did not amplify most (Y2H01) or any (Y1F10) of the other species. On the other hand, Y1E10 amplified in most species. However, no products were obtained in C. obtusa, Fokienia hodginsii, Cupressus arizonica, or Cupressus bakerii. The last two species were the only members of the genus Cupressus tested in this study (out of eight) that did not readily amplify with any of the developed primers. Most species in which polymorphic amplified bands were detected showed the typical stutter band pattern usually present in dinucleotide-repeat microsatellite loci (Fig. 2) .
Discussion
Low rates of recovery for microsatellite loci
Highly repetitive DNA, typically associated with large genome size like those encountered in conifers, has been re-Genome Vol. 46, 2003 ported to be the major cause of low recovery of microsatellites from genomic DNA (Fischer and Bachmann 1998) . This has been well documented in the conifer genus Pinus (Smith and Devey 1994; Kostia et al. 1995; Pfeiffer et al. 1997; Fisher et al. 1998 ). In our study, we found this problem extends to the Cupressaceae; of the 192 yellow ce- dar clones sequenced, only 75 produced a sequence from which primers could be designed, and of those only 5 primer pairs were reliable in amplifying interpretable microsatellite loci. Similarly low levels of microsatellite-loci recovery were found in Chamaecyparis obtusa (Nakao et al. 2001) , where 500 clones were screened for the presence of microsatellites using the (CT) 20 probe, which revealed 155 positive clones. Of these, 135 were sequenced, and of 44 designed primer pairs, 9 proved to amplify interpretable polymorphic loci. Large genome sizes can be due to polyploidy such as in the ferns, but chromosome number is relatively small and constant both in the Pinaceae (12 pairs) and in the Cupressaceae (11 pairs) (Murray et al. 2001 ). "C values" represent the amount of DNA in picograms (pg) in the non-replicated haploid or gametic nucleus of an organism, irrespective of the ploidy level of the taxon (Swift 1950) . C values for the genus Chamaecyparis have a mean of 13.27 pg, whereas in the genus Pinus, they average 23.64 pg (Murray et al. 2001) . In comparison, the angiosperm model organism Arabidopsis thaliana has a C value of 0.18 pg, whereas angiosperm trees such as Acer carpinifolium and Fraxinus excelsior have C values of 0.38 and 0.98 pg, respectively . These are comparable with the C values for the model tree genus Populus, which can be estimated at~0.50 pg (450-550 Mbp) (Taylor 2002 ).
Thus, despite possessing a smaller genome than pines, Chamaecyparis still has a relatively large genome, which poses problems for molecular genetics research such as microsatellite locus isolation and identification.
Because genome size should be positively correlated with the number of microsatellite regions, it is assumed that the size of an organism′s genome should not affect the likelihood of finding suitable regions to design microsatellite primers. However, as the examples above demonstrate, this assumption is often found not to be true. Garner (2002) proposed two mechanisms to explain this phenomenon. Firstly, template concentration is typically considered in terms of total nuclear DNA, but if genome sizes are large, the relative proportion of target to non-target DNA is reduced. Secondly, as genome size increases, the number of DNA regions complementary to any 20-bp region (the average length of microsatellite primers) also increases. This, in turn, increases the amount of non-specific binding of primers, therefore decreasing the available pool of primers available for PCR. Both of these proposed mechanisms have dilution effects on the rate of recovery of microsatellite primers.
Recently, a few methods have successfully increased the recovery of microsatellite markers from pines and other organisms with large genomes. These methods rely on numerous probes labeled with Digoxigenin-11-ddUTP (Scott et al. 1999) or filter-hybridizations of tri-and tetra-nucleotide re-Genome Vol. 46, 2003 peat motifs (Elsik and Williams 2001) to recover microsatellite clones from genomic libraries. Alternatively, microsatellite-enriched libraries are constructed from under-methylated DNA (Zhou et al. 2002) . These strategies have been successful in recovering a higher number of microsatellite markers, but often at the expense of lower diversity and greater redundancy. The higher number of microsatellite loci obtained with these methods could be of interest in increasing the power of analyses in studies concerned with large-scale genetic diversity and genetic structure, but the reduced variability of such markers decreases the ability to resolve fine-scale patterns of genetic structure, genetic diversity, parentage assessment, and the identification of clonal groups.
Polymorphism, inbreeding, and detection of clonality Ritland et al. (2001) studied allozyme variation at 10 loci in 17 natural populations of C. nootkatensis across its range. Their study revealed a number of alleles per locus ranging from one to three with a mean of 1.68. Expected heterozygosity in each population ranged from 0.062 to 0.198 and averaged 0.147. In comparison, this study of microsatellite marker diversity showed, albeit with just three populations, a mean of 13.67 alleles/locus and an expected heterozygosity averaged over five loci of 0.592. The diversity shown by the 5 microsatellite markers is thus much greater than that shown by 10 allozyme loci. Such high levels of variation will be helpful in studies of genetic diversity and structure at fine spatial scales.
Highly polymorphic markers are necessary for clonal assignment to confidently identify clonal structures. Genetic relatedness between individuals and the level of commonness of the observed genotypes are the most important factors that can induce error. These can be countered with the efficient use of even just a few highly variable molecular markers. In this study, the great degree of polymorphism of the developed microsatellite markers allowed the successful detection of putative clones in the population surveyed, and their elimination from statistics of genetic diversity.
The mean inbreeding coefficient over all loci and populations found in this study (F = 0.161; SE = 0.025) is similar to that found by Ritland et al. (2001) in their isozyme study of yellow cedar (F = 0.184; SE = 0.022). These values would be caused by a self-fertilization rate of 30-35% (assuming inbreeding equilibrium). Highly localized genetic substructure may also cause increased homozygosity, but this seems unlikely, as conifers generally show low levels of local genetic structure because of long-distance pollen flow owing to wind pollination. The relatively high inbreeding coefficient is somewhat surprising for a conifer but, in a review of genetic studies of species related to C. nootkatensis, Ritland et al. (2001) documented that it is not uncommon and even characteristic of many Cupressoid species. While high inbreeding coefficients and deviations from Hardy-Weinberg equilibrium owing to heterozygote deficiency can also be the consequence of the presence of null alleles (Chakraborty et al. 1992; Pemberton et al. 1995) , F levels were significant across three of the five loci, and it is highly unlikely that nulls are present at all of these loci. In addition, subtraction of the locus with the highest F (Y1G09) from the analyses still provided significant estimates of the overall inbreeding coefficient showing that this is not due to the effect of a single locus.
Segregation patterns and null alleles
Null alleles are the result of a lack of amplification of a product or allele during the PCR process, often owing to non-conserved priming sites (Garner 2002) . If not identified, they can lead to the miss-assignment of heterozygotes as homozygotes. This can result in the overestimation of inbreeding coefficients and genetic structure for the loci where null alleles are present.
In the segregation analysis, direct observation of null alleles was made in loci Y1F10, Y1G09, and Y2 C12 (Table 3) . However, within-locus cumulative χ 2 values showed no significant deviations from expected Mendelian segregation ratios. Observed levels of heterozygosity in the natural population were high for both Y1F10 and Y2C12 loci in the polymorphism analysis (Table 2 ) and the estimated inbreeding coefficients were found not to be significantly different from zero. These observations suggest that heterozygote deficiencies in loci Y1F10 and Y2C12 are the consequence of inbreeding and genetic structure and not the presence of null alleles. For these reasons, these loci are considered to be microsatellite markers that can be used confidently in a study of genetic diversity and genetic structure.
Locus Y1G09 consistently showed deviations from Hardy-Weinberg equilibrium, as well as inbreeding coefficients that were significantly different from zero across all three populations. Furthermore, null alleles were directly observed in two of the four familes tested in the segregation analysis, with a mean frequency of 0.09. Assuming null homozygotes are ignored or not observed in the sample, null allele frequency can be estimated as (H e -H o )/(1 + H e ), where H e and H o denote the expected and observed heterozygosity, respectively (Brookfield 1996) . The mean frequency of the null allele in locus Y1G09 across the three populations was estimated at 0.16, a high frequency for the microsatellite allele of a locus with an average number of alleles of 5.33 (Table 2) . For these reasons, locus Y1G09 should be used cautiously and with the knowledge of the existence of a null allele. Studies concerned with genetic diversity should correct estimates of heterozygosity accordingly, whereas mating-system studies should avoid the use of this microsatellite marker.
Interspecific amplifications and taxonomic considerations
Evolutionary conservation of regions that flank microsatellite loci allows microsatellite primers developed for one species to be used for related species. This approach has been used successfully in animals (Moore et al. 1991; Schlötterer et al. 1991; Roy et al. 1994; Blanquer-Maumont and Crouau-Roy 1995; Pépin et al. 1995; Kayser et al. 1996) and plants (Kijas et al. 1995; Brown et al. 1996; Peakall et al. 1998; Westman and Kresovich 1998) and has increased the cost-effectiveness of these genetic markers. Studies investigating interspecific amplification potential of microsatellite markers in conifers have mostly been limited to the genera Pinus (e.g., Powell et al. 1995; Cato and Richardson 1996; Fisher et al. 1998; Echt et al. 1999; Kutil and Williams 2001) and Picea (e.g., van de Ven and McNicol 1996; Hodgetts et al. 2001; Rajora et al. 2001 ). An exception to that is the study of Nakao et al. (2001) on C. obtusa. For these reasons, other members of the family Cupressaceae were tested with the microsatellite primers developed for C. nootkatensis.
Recent molecular phylogenies of conifers show a close relationship of Chamaecyparis to Juniperus and Cupressus (Tsumura et al. 1995; Kusumi et al. 2000; Gadek et al. 2000) . Furthermore, Gadek et al. (2000) showed considerable support for the paraphyly of Chamaecyparis, placing C. nootkatensis within the Cupressus and Juniperus, whereas C. lawsoniana and C. obtusa were placed outside of this group with Fokienia spp. Results of our cross-species amplifications are in concordance with Gadek et al. (2000) : primers developed for C. nootkatensis were most successful at amplifying members of the Cupressus and Juniperus genera, and other members of the genus Chamaecyparis gave largely unsuccessful amplification. Also, microsatellite primers developed for C. obtusa (Nakao et al. 2001 ) yielded negative results when tested on C. nootkatensis for interspecific amplification.
Previous studies in pines have showed very low levels of transferability of microsatellite loci between hard and soft pines, both different subgenera of the Pinus genus (Fisher et al. 1998; Echt et al.1999) . Greater transferability has been observed in triplet repeats (especially perfect ones) (Kutil and Williams 2001) and microsatellites isolated from the chloroplast genome (Powell et al. 1995; Cato and Richardson 1996) , but at the expense of lower variability. Microsatellite loci in the genus Picea have been documented to be succesfully transferable within the genus (van de Ven and McNicol 1996; Hodgetts et al. 2001; Rajora et al. 2001 ), but have performed poorly when tested on species of the Pinus genus (van de Ven and McNicol 1996) . The results obtained here demonstrate similar trends in that successful transferability of the microsatellite loci isolated in C. nootkatensis to other species within the family Cupressaceae was limited to very closely related species.
The microsatellite primers developed here for C. nootkatensis demonstrate high potential for use in genetic diversity studies in members of the Cupressus and Juniperus genera. However, these must be used with caution since microsatellite primers used interspecifically can show greater numbers of null alleles, owing to degeneracy of the primer binding sites. Also, as demonstrated by Westman and Kresovich (1998) , some PCR products obtained from interspecific microsatellite primer pairs may not actually contain simple sequence repeats even if they are of the expected size range. Additional tests such as hybridization, DNA sequencing, or single-primer assays should be performed to determine if the products contain microsatellites and if they are amplified by one or both primers.
